Abstract-A compact wideband circularly polarized square slot antenna for universal UHF RFID reader applications is proposed and tested. An L-shaped radiator at lower surface of the substrate is used to feed the proposed antenna. To achieve a broadband circular polarization (CP) and good performance, two rectangular stubs with different sizes are inserted at opposite corners of the square slot at the upper surface of the substrate. A small rectangular slit is used to improve the impedance matching of the proposed antenna. The antenna's measured < 10-dB impedance bandwidth and measured 3-dB axial ratio bandwidth are 70.2% (660-1374 MHz) and 45.8% (796-1269 MHz), respectively. The proposed antenna has a dual circular polarization characteristic, wide impedance bandwidth, wide axial ratio, compact size, and maximum measured gain about 3.9 dBi. The total size of the proposed antenna is 120×120×1.6 mm 3 . Furthermore, the impedance bandwidth and axial ratio bandwidth of the proposed antenna cover the entire UHF RFID band easily. The proposed antenna is suitable for UHF RFID reader applications.
INTRODUCTION
Radio-frequency identification (RFID) is a technology that employs radio waves for exchanging data between tags and readers [1] . Recently, RFID technology in ultra-high frequency (UHF) band (840-960 MHz) has been widely used in several applications, including tracking, access control, etc. [2] . In practice, RFID tags are always randomly oriented, and in most cases, RFID tag antennas are linearly polarized (LP). Hence, the antenna of an RFID reader device is preferred to design with broadband circularly polarized (CP) wave to ensure the reliability of transferred information between reader and tag [3] .
Globally, each country or region has its frequency band for UHF RFID applications. Consequently, a universal reader antenna with good performance in the whole UHF RFID band will be desired and useful for RFID system implementation and cost reduction [4, 5] . Several patch and architecture designs of reader antennas are reported to cover the entire UHF RFID band [6] [7] [8] . However, these reader antennas have large size, narrow impedance bandwidth and axial ratio bandwidth, and are challenging to design. Slot antennas have several merits including low cost, easy fabrication, simple structure, low profile, and broader impedance and circular polarization bandwidths [9] . Recently, several slot antenna designs have been proposed to cover the entire UHF RFID band [10, 11] . However, these antennas still have a relatively narrow impedance bandwidth and axial ratio (AR) bandwidths.
In this letter, we propose a wideband slot reader antenna for universal UHF RFID applications. The antenna comprises an L-shaped strip radiator on the ground plane and a square slot substrate with two rectangular shape strips placed at opposite corners of the square slot on the top side of the substrate. It is noted that the proposed antenna shows measured < 10-dB reflection coefficient |S 11 | bandwidth of 70.2% (660-1374 MHz) and measured 3-dB axial ratio bandwidth of 45.8% (796-1269 MHz). Compared to the above-mentioned reader antennas, the proposed antenna has a wider impedance bandwidth, wider axial ratio, and compact size. The overlapped bandwidth of the proposed antenna is 473 MHz (796-1269 MHz).
The remainder of this letter is organized as follows. The antenna configuration and parametric studies are presented in Section 2. Section 3 illustrates the antenna simulation and measurement results, and antenna performance comparison. A brief conclusion is demonstrated in Section 4.
ANTENNA DESIGN AND PARAMETRIC STUDIES

Antenna Structure
The configuration of the proposed antenna is shown in Figure 1 . The antenna printed on an FR4 substrate (ε r = 4.4 and δ = 0.02) with thickness of 1.6 mm. The dimensions of the proposed antenna are 120 × 120 × 1.6 mm 3 . The proposed antenna consist of an L-shaped metal strip as radiator on the lower surface of the substrate and a square slot with two rectangular stubs placed at the opposite corners on the upper surface of the substrate. The L-shaped radiator is used to generate two resonant modes, and the combination of two resonant modes realizes a wideband frequency. Placing two rectangular stubs (L 3 × W 3 , L 5 × W 4 ) at opposite corners is a common method to produce a circular polarization wave with different polarizations. Cutting a small rectangular slit at the left side rectangular stub (L 5 × W 4 ) is used to improve the impedance matching of the proposed antenna. The dimensions of the proposed antenna in detail are shown in Table 1 .
The proposed antenna evolution is illustrated in Figure 2 . Four antennas (Antenna 1, Antenna 2, Antenna 3, and Antenna 4) are discussed here. Antenna 4 is the proposed antenna in this article. Antenna 1 is a square slot antenna with an L-shaped metal strip at lower centre of the slot. A rectangular stub (L 5 × W 4 ) added at the lower left side of the slot to achieve Antenna 2. The AR bandwidth of Antenna 2 is still above 3-dB and has no circular polarization radiation. In Antenna 3, another rectangular stub (L 3 × W 3 ) is added at the upper right side of the slot. The AR bandwidth of Antenna 3 is below 3-dB. Antenna 3 has a good circular polarization characteristic due to the two rectangular stubs at opposite corners. To obtain Antenna 4, a small rectangular slit with width g 2 is etched at middle of the rectangular stub (L 5 × W 4 ) at lower left side of the slot.
As can be seen from Figure 3 , Antenna 1 has LP radiation. Antenna 2 generates two resonant frequency modes and has a good impedance matching. However, Antenna 2 still has no circular polarization radiation characteristics. Wide impedance bandwidth (from 637 MHz to 1370 MHz), wide axial ratio (from 775 MHz to 1180 MHz), and good impedance matching are achieved in Antenna 3. Antenna 4 has improvement in the impedance matching and a bit wider axial ratio (771-1188 MHz) bandwidth.
To explain the CP radiation on the proposed antenna, the simulated current distribution at 900 MHz is shown in Figure 4 . The figure illustrates current directions on the L-shaped feedline and the square slot at four phase angles 0, 90, 180, and 270, increasing by 90 • . The current on the square slot and the feedline travels in clockwise direction, which results in left-hand circularly polarized (LHCP) radiation in the +z direction. The right-hand circularly polarized (RHCP) radiation can be achieved by changing the positions of the two rectangular stubs to the other slot corners and changing the horizontal part of the L-shaped feedline from −y-direction to the positive y-direction. Figure 5 presents the influence of the width of the small slit (g 2 ) on the reflection coefficient |S 11 |, axial ratio, and gain of the proposed antenna. As can be seen from Figure 5 (a), the value of g 2 controls the resonant frequency of the proposed antenna reflection coefficient without influence on the start and end of the reflection coefficient bandwidth. When the value of g 2 increases, the resonant frequency of the reflection coefficient shifts toward the lower frequencies. The influences of g 2 on the axial ratio bandwidth and gain are shown in Figure 5 The influences of width (W 4 ) of the rectangular stub (L 5 t × W 4 ) on the reflection coefficient |S 11 |, axial ratio, and gain of the proposed antenna are shown in Figure 6 . The influence of W 4 on the reflection coefficient is shown in Figure 6 (a). When the value of W 4 increases, the end frequency of the reflection coefficient decreases toward the lower frequencies without influence on the start frequency of the reflection coefficient bandwidth. Figure 6(b) illustrates that when W 4 increases, the axial ratio band decreases toward the lower frequencies without influence on the start frequency of the axial ratio bandwidth. The influence of W 4 on the gain of the proposed antenna is demonstrated in Figure 6 (c). The influence of W 4 on the gain is inconsiderable. Therefore, the end frequency of the reflection coefficient bandwidth and axial ratio bandwidth can be reconfigured easily by changing the value of width W 4 . 
Parametric Studies
SIMULATION AND MEASUREMENT RESULTS
The antenna's radiation patterns and reflection coefficient |S 11 | are measured using SATIMO measurement system and an Agilent E5071C vector network analyzer, respectively. to the fabrication tolerance. Apparently, both the simulated and measured impedance bandwidths and axial ratio bandwidths cover the entire UHF RFID band easily. The simulated and measured radiation efficiencies and gains of the proposed antenna are depicted in Figure 8 . The antenna exhibits measured gain between 3.3 and 3.9 dBi. The simulated radiation efficiency and gain agree well with the corresponding measured results. Figure 9 shows the simulated and measured radiation patterns at 900 MHz in the XZ and Y Z planes, respectively. In both planes, the antenna shows bidirectional radiation characteristics. The simulated and measured results of radiation patterns agree well. The top and bottom views of the fabricated antenna are shown in Figure 10 . A comparison between the proposed antenna and other universal UHF RFID reader antennas is presented in Table 2 . It is worth noting that the proposed antenna has a wider impedance bandwidth, wider AR bandwidth, and compact size than other reader antennas in Table 2 . 
CONCLUSION
In this paper, a compact wideband CP slot antenna is proposed for universal UHF RFID reader applications, fabricated and tested. By using a square slot with two rectangular stubs placed at opposite corners and an L-shaped strip radiator, the antenna has obtained desired performances of reflection coefficient, axial ratio, gain, radiation efficiency, and radiation patterns over the entire UHF RFID band (840-960 MHz). The proposed antenna has a measured < 10-dB reflection coefficient bandwidth of 70.2% (660-1374 MHz), measured 3-dB AR bandwidth of 45.8% (796-1269 MHz), and maximum measured gain of 3.9 dBi. The measurement results agree well with the corresponding simulated ones. The structure of the proposed antenna is simple and easy for design and fabrication. The proposed antenna has several advantages such as a dual circular polarization characteristic, very wide impedance bandwidth, very wide AR bandwidth, a planar single-layer structure, and compact size. Therefore, it is a good candidate for UHF RFID reader applications.
